A crucial issue in transplant-mediated repair of the damaged central nervous system (CNS) is serial non-invasive imaging of the transplanted cells, which has led to interest in the application of magnetic resonance imaging (MRI) combined with designated intracellular magnetic labels for cell tracking. Micron-sized particles of iron oxide (MPIO) have been successfully used to track cells by MRI, yet there is relatively little known about either their suitability for efficient labelling of specific cell types, or their effects on cell viability. The purpose of this study was to develop a suitable MPIO labelling protocol for olfactory ensheathing cells (OECs), a type of glia used to promote the regeneration of CNS axons after transplantation into the injured CNS. Here, we demonstrate an OEC labelling efficiency of >90% with an MPIO incubation time as short as 6 h, enabling intracellular particle uptake for single-cell detection by MRI without affecting cell proliferation, migration and viability. Moreover, MPIO are resolvable in OECs transplanted into the vitreous body of adult rat eyes, providing the first detailed protocol for efficient and safe MPIO labelling of OECs for non-invasive MRI tracking of transplanted OECs in real time for use in studies of CNS repair and axon regeneration.
INTRODUCTION
MRI is widely used to study central nervous system (CNS) damage and repair both in basic research and in the clinic. Traditionally, MRI has described post-injury physioanatomical changes, but in the last few years its use has been extended to serial and noninvasive imaging of the behaviour of cells implanted into the CNS to control scarring and promote axon regeneration (1) . Different magnetic particles are available for intracellular labelling and visualization of cell grafts, including superparamagnetic iron oxides (SPIO) and ultra-small superparamagnetic iron oxides (USPIO), both of which have been used in a number of MRI studies (1) (2) (3) (4) (5) (6) . However, very large numbers of SPIO/USPIO are required for efficient cell detection by MRI, a shortcoming that is resolved by using micron-sized particles of iron oxide (MPIO), which have a higher magnetite content than SPIO/USPIO, so that attenuation of the MR R 2 * relaxivity contrast is significantly increased after endocytosis of only a few particles (7) (8) (9) (10) (11) .
Olfactory ensheathing cells (OECs) are glia that enwrap bundles of the unmyelinated axons of olfactory receptor neurons from the olfactory mucosa, through the cribriform plate and into the olfactory bulb glomeruli (12) . In the last decade, OECs have been transplanted into the injured CNS to promote repair, resulting in the emergence of OECs as glia with reparative properties, including the secretion of neurotrophins, the promotion of both regeneration and remyelination of damaged axons (13) (14) (15) , and the improvement of functional recovery after spinal cord injury (16, 17) . Furthermore, the findings of these studies indicate that OECs may also be utilized as intravitreal transplants for neuroprotection and/or regeneration of retinal ganglion cell axons, as an alternative to peripheral nerve grafts after optic nerve injury (18) (19) (20) . Clearly, the study of the behaviour of implanted OECs in experimental CNS injury models will benefit from non-invasive imaging documenting graft/host temporospatial integration. Although investigators have already used this approach (21, 22) , in vivo MRI of transplanted OECs is still in its infancy and little is known about potential MPIO cytotoxicity.
In this study, we labelled OECs intracellularly with 0.96 mm diameter MPIO and used in vitro assays to assess the viability, proliferation and migration of MPIO-labelled OECs. We demonstrate that MPIO are avidly endocytosed by OECs in culture, without compromising cell viability, and have detected MPIOlabelled OECs by MRI at 7 T in vitro. Furthermore, we have detected MPIO-labelled OEC transplanted into the vitreous body of adult rats by MRI in vivo. We thus provide proof-of-principle for the suitability of our protocol for labelling OECs with MPIO, thereby justifying the use of MRI for in vivo tracking of transplanted MPIOlabelled OECs in the CNS.
MATERIALS AND METHODS

Cell isolation, culture and labelling
OEC purification and culture
Neonatal OECs were purified as described by Barnett and Roskams (23) . Briefly, the olfactory bulbs of P7 Fischer rats (typically from four or five animals) were finely chopped with a scalpel, enzymatically digested in L-15 (Leibovitz) medium (Sigma) and triturated through a 26-gauge needle. Dissociated cells were incubated in a cocktail of primary antibodies consisting of the O4 monoclonal (IgM at 1:4) and the monoclonal anti-galactocerebroside (IgG3 at 1:2), followed by their fluorochrome conjugated class-specific secondary antibodies. Following rinses, dissociated cells were incubated in secondary antibodies consisting of goat anti-mouse IgM phycoerythrin and goat anti-mouse IgG3 fluorescein (1:100, Southern Biotech). OECs were purified by fluorescence-activated cell sorting (FACS, Vantage Becton Dickenson) by selecting for galactocerebroside-negative and O4-positive cells. OECs were subsequently cultured in Dulbecco's modified Eagle's medium (DMEM GlutaMAX; Sigma) with 1.25% gentamicin (Sigma) and 5% FBS (Autogen Bioclear) on 13 mg ml À1 poly-L-lysine-(PLL; Sigma) coated 25 cm 2 flasks. The cultures were supplemented with 500 ng ml À1 fibroblast growth factor 2 (FGF2; Peprotech, London, UK), 50 ng ml À1 heregulin (hrgb1; R&D Systems Europe Ltd, Abingdon, UK), and 10 À6 M forskolin (Sigma). OECs were passaged at confluence and harvested after six passages. Purity of the OEC populations was assessed by p75 neurotrophin receptor specific labelling and was always 98-100%.
Contrast agent
OECs were labelled intracellularly with MPIO microspheres 0.96 mm in diameter, comprising a COOH-modified styrenedivinyl benzene inert polymer with an Fe 3 O 4 magnetic core (27.8% w/w magnetite content) and a fluorescent label (Dragon Green; excitation 480, emission 520; MC05F/8112; density 2.06 g cm À3 , 1% solids, 1.278 Â 10 10 beads ml À1 ; Bangs Laboratories Inc., Fishers, IN, USA). The MPIO were washed with and resuspended in PBS and subsequently added to OEC cultures and co-incubated at 37 C for 6-18 h at concentrations of 10:1, 20:1, 50:1, and 100:1, corresponding to approximately 1.2, 2.4, 6 and 12 pg of iron per cell. Unlabelled OEC cultures at the same stage of confluence were used as controls.
Cell proliferation, viability and migration
After labelling with MPIO, OEC proliferation was measured after the conversion of resazurin to resorufin, using AlamarBlue W reagent (Invitrogen) as 10% of sample volume and reading absorbance (maximum 570 nm) on a Wallac microwell plate reader (Perkin Elmer) after a 4 h incubation. In addition, OEC viability was evaluated by measuring calcein vs ethidium homodimer-1 expression with LIVE/DEAD W assay (Invitrogen). All of the above assays were performed at 24, 48, 72 and 96 h after labelling. Labelled cell cultures were subsequently passaged. Cell migration was assessed by observing the movement of cells across an undisturbed PLL-coated culture surface and, also across a 2 mm-wide cell-free, rough-surfaced gap, created by scratching through the cell monolayer across the diameter of the dish with a sterile glass micropipette. Cells were manually counted on either side of the gap at 24, 48, 72 and 96 h.
INTRAVITREAL OEC TRANSPLANTATION
Unilateral injections of a 3 ml suspension of 2.5 Â 10 5 MPIOlabelled OECs were made into the left vitreous body of anaesthetized animals, immediately posterior to the ora serrata, using a pulled-glass capillary micropipette with a tip diameter of 0.1-0.2 mm (Harvard Apparatus). To minimize reflux, the tip of the micropipette remained inside the vitreous body for a few seconds, before being slowly withdrawn. Unlabelled OECs were injected into the contralateral vitreous in the same manner as for MPIO-labelled OECs.
In vitro and in vivo MRI
For in vitro MRI, phantoms were made containing (i) MPIO and (ii), magnetically labelled cells, by suspending MPIO and MPIOlabelled OECs, respectively, in 2 ml Eppendorf tubes containing warm 1% agarose gel. Different phantoms were made for suspensions of 1.75 Â 10 5 , 1.25 Â 10 5 , 7.5 Â 10 4 , 2.5 Â 10 4 , 1.75 Â 10 5 , 5 Â 10 3 , 5Â 10 2 , 2.5 Â 10 2 and 5 Â 10 MPIO and MPIO-labelled cells. Care was taken to contain the MPIO and MPIO-labelled cell suspension to be imaged within a designated volume inside each Eppendorf in register with the area of maximum sensitivity of the surface coil. The phantoms were imaged on a 7 T Bruker Biospec Avance 70/20 (Bruker Biospin MRI, Ettlingen, Germany) using a T 2 *-weighted multi-gradient echo sequence with TR = 1000 ms, TE = 10 (10, 16, 22, 28 ms), flip angle = 30˚, FOV = 1.46 Â 1.31 cm 2 , acquisition matrix = 128 Â 128, resolution = 114 Â 102 mm per pixel, number of slices = 10, and slice thickness = 0.70 mm (i.e. no gap). The acquisition time was 42 min 40 s with 20 averages. A 72 mm volume resonator was used for RF transmission and an actively decoupled mouse head surface coil for RF reception.
For in vivo MRI of intravitreal MPIO-labelled OEC transplants, anaesthetized animals lay prone in a dedicated animal bed heated at 37 C with circulating water. A multi-gradient echo sequence with TR = 1000 ms, TE = 5 (5, 10, 15, 20 ms), flip angle = 30%, FOV = 2.8 Â 2.5 cm 2 , acquisition matrix = 224 Â 200, resolution = 125 Â 125 mm per pixel, number of slices = 10, slice thickness = 0.70 mm (i.e. no gap) was used. Acquisition time was 16 min 40 s with five averages. A 72 mm volume resonator was used for RF transmission and an actively decoupled mouse head surface coil for RF reception. Water-cooled BGA-12 (400 mT m À1 ) gradients were used. Germany) . An LSM 510 microscope (Zeiss, Germany) was used for differential interference contrast (DIC) and confocal microscopy.
Electron
Animals
All animal procedures were approved by the appropriate ethics committee in accordance with the national, regional and site guidelines that apply.
RESULTS
Short MPIO incubation times achieved efficient OEC labelling
MPIO were readily endocytosed by OECs and efficient labelling occurred after co-incubation for up to a maximum of 18 h and a minimum of 6 h. MPIO uptake into OECs was evaluated by transmitted light, confocal, fluorescence and TEM (Figures 1-3) . Although individual labelled OECs had different levels of uptake of magnetic particles, they all reached labelling efficiencies of >90% after 6 and 18 h of incubation ( Fig. 1E and F) . The average intracellular iron uptake correlated with the concentrations of MPIO used for the different labelling assays and, based on microscopic assessment, it was estimated to be between~1.90 and 13.80 pg, corresponding to a mean range of 12-115 endocytosed MPIO. The MPIO label was retained by the OECs throughout the observation period. An optimal labelling efficiency of >90% was obtained when cultured OECs had reached 50% confluence before MPIO exposure, while labelling efficiency using sub-confluent or confluent OEC cultures was significantly compromised, i.e. little or no MPIO uptake was observed, irrespective of incubation time (data not shown).
OEC viability and migration was not compromised by MPIO labelling of OECs
OEC viability was compared in MPIO-labelled and unlabelled control cultures by calcein vs ethidium homodimer-1 expression at 24, 48, 72 and 96 h. No adverse effects were observed at any of the above time points, irrespective of MPIO concentration, i.e. OECs retained the MPIO label, migrated normally, retained their spindle morphology and reached confluence (Fig. 4 ). In the assays in which the PLL surface was mechanically disrupted, MPIO-labelled OEC behaviour was similar to that of unlabelled OECs, i.e. they marginally invaded the artificially created cell-free zone and reached confluence on either side of the zone after 96 h (data not shown).
MPIO-labelled OECs had normal proliferation rates
Linear regression analysis revealed that the proliferation rates of MPIO-labelled and unlabelled OECs were almost identical (i.e. R 2 = 0.9857 and R 2 = 0.9847, respectively). Furthermore, passaged MPIO-labelled OECs re-attached to PLL-coated plates and proliferated as normal while proliferation rates were unaffected by the concentration of MPIO used for labelling (R 2 =~0.98, irrespective of MPIO label concentration).
MRI detected multiple and single MPIO-labelled OECs in vitro and in vivo
MRI of phantoms containing MPIO-labelled cells in different concentrations revealed punctate hypointense regions (Fig. 5 ). These regions represent susceptibility effects induced by In vivo MRI of adult rats detected large intraocular hypointense regions consistent with MPIO-labelled OEC transplants (Fig. 6 ). No hypointense regions were detected in the contralateral eye of the animals, which received unlabelled OEC grafts. The MPIO-labelled OEC graft was detectable >20 days posttransplantation.
DISCUSSION
A pertinent issue in the application of MRI for in vivo investigation of transplanted cell behaviour is the development of optimal labelling protocols for specific cell types. Such protocols should enable efficient detection by MRI without compromising viability. Notwithstanding the intense interest in OECs as reparative candidate cells in CNS injury, there are presently only two reported studies in which MRI has been used to detect transplanted OECs (21, 22) .
In the present study, we have demonstrated that smalldiameter MPIO are well suited for efficient labelling of OECs and subsequent detection by MRI without compromising the viability, proliferation and migration of OECs. MPIO of 0.96 mm diameter are endocytosed by OECs, achieving labelling efficiency of >90% after relatively short incubation times of between 6 and 18 h. Individual OECs endocytose multiple MPIO, and individual cells differentially uptake MPIO irrespective of label concentration in all assays.
Previous studies detailing the effects of MPIO on MRI resolution report that the T 2 * effects induced by single, 0.76-1.63 mm diameter MPIO are detectable at resolutions of 50 mm and as low as 200 mm (8) (9) (10) . In our study, differential uptake of 0.96 mm MPIO by individual OECs indicated that the intracellular iron content may vary between cells. However, based on the labelling efficiencies, as well as on detailed microscopic evaluation, we have estimated that, dependent on MPIO:OEC concentration, individual OECs contained a mean of 12-115 MPIO. Thus, particle uptake was great enough for single cell detection by MRI at 7 T at 100 mm resolution, confirming that the protocol developed in this study is suitable for labelling OECs with MPIO as it can be expected to enable single-cell detection by MRI, even when applying the lowest label concentration (MPIO:OEC = 10:1).
OECs have been labelled in previous studies using MD-100 magnetodendrimers (21) and dextran-coated SPIO particles (22) after 24 and 48 h incubation, respectively. Both studies assessed OEC viability using morphological criteria, trypan blue staining (21) , and a propidium iodine exclusion assay (22) carried out immediately after labelling and thus potential longer-term effects of the label on OECs were not addressed. SPIO concentrations of 6 mg ml À1 and above were toxic, resulting in the complete loss of the cultured OECs after 48 h incubation (21) .
Intracellular labelling with SPIO particles is mediated by either transfection agents or surface modification (5, 22) and usually requires long incubation times, typically of 48 h. Thus, a considerable advantage of MPIO over SPIO particles is commercial availability and avid endocytosis exhibited by a number of mammalian cells, making the use of transfection agents redundant (7, 10, 11) . Furthermore, cell death induced by high intracellular iron concentrations (21, (24) (25) (26) constitutes a major concern in the application of iron oxide particles for in vivo visualisation by MRI of transplanted cells. In this context, the inert matrix of the MPIO particles may have a protective function compared with biodegradable dextran-coated particles (10) . With particular reference to OECs, another consideration is that unlabelled cell survival post-transplantation may on certain occasions be anticipated to be as low as 50% (27). This further emphasizes that in vitro labelling of OECs before transplantation should aim at sufficient iron uptake for detection by MRI without adversely affecting cell function. Given that OEC endocytotic uptake cannot be fully controlled under incubation conditions, smaller diameter and lower magnetite content MPIO (i.e. 0.96 mm and 0.125 pg) should be used to reduce the risk of intracellular iron overload.
Endocytosed MPIO are distributed into either endosomes or lysosomes (10, 28) . To determine the intra-OEC localization of the iron oxide particles, MPIO-labelled OECs were examined by TEM after 6 and 18 h incubation. Heterogeneous uptake of MPIO by individual cells was observed at both time points in all our samples and MPIO were always localized in the cytoplasm. However, an increased peri-nuclear distribution of the particles was observed after prolonged incubation times of >18 h.
A series of assays were performed to assess the viability of MPIO-labelled OECs at 24 h intervals after labelling over 4 days. Physical and biochemical properties of MPIO-labelled OECs measured by calcein and resorufin expression, morphological characteristics and motility were the same as those of unlabelled control OECs in identical culture conditions. The specific labelling protocol thus ensures that the viability of MPIOlabelled OECs is the same as that of unlabelled OECs, a property that is particularly important when MPIO-labelled OECs are transplanted in vivo. Nevertheless, potential adverse long-term effects of the MPIO label post-transplantation cannot be excluded.
MPIO are fluorescent magnetic polymers used for microscopic verification of intracellular labelling and the tracking of cell movements. Furthermore, the fluorescent label integrated into the iron oxide particles makes histological and immunocytochemical applications possible. However, the presence of fluorescence may confound evaluation of specific assays based on flow cytometry. In the present study, care was taken to apply assay and assessment methods that excluded both spectra interference and data distortions resulting from MPIO fluorescence. Labelling OECs with fluorescent MPIO enables OEC identification in the absence of an unequivocal biomarker (29) (30) (31) , with the caveat that, in the event of OEC death post-transplantation, the MPIO label may be transferred to in situ macrophages and other scavenger cells.
Successful application of MRI in investigations of transplantmediated CNS repair largely depends on efficiently labelling cells for MRI detection in vivo, without compromising their biological properties. MRI of OEC transplants is a powerful tool in experimental and clinical studies of CNS damage and repair for monitoring OEC graft localization and graft/host temporospatial integration. This study presents an assessment of the effects of a widely applied MPIO type specifically on OECs and provides a tested protocol for efficient OEC labelling for tracking their movements with MRI both in vitro and after transplantation in vivo, without loss of cell viability, proliferation and migration capacity. 
